Thirteen and 10 sequences of the Alu family of repeated DNA elements found within the human thymidine kinase and P-tubulin genes, respectively, were compared. These genes have approximately five times the expected density of Alu family members. The consensus sequence that could be drawn for these 23 Alu family members would differ slightly from others drawn from random Alu family sequences but only at very heterogeneous positions. The different Alu family members do show different pair-wise percentage identities, with -15% (7 of 48 Alu family members analyzed) of them clearly representing a separate subfamily of sequences. This analysis also confirms the species-specific differences between human and the prosimian Galago crassicaudatus Alu family members. These data are consistent with both the origin of these sequences in primates ~65-70 Myr ago and amplification since that time to their present 500,000 copies. The data do not show any special relationships among densely clustered Alu family members.
Introduction
There are -500,000 members of the Alu family of repetitive sequences within the human genome (Rinehart et al. 198 1) . These -3OO-base-long family members are interspersed ubiquitously throughout the genome by a retroposition mechanism that involves the integration of reverse-transcribed copies of RNA polymerase IIItranscribed Alu family transcripts (Jagadeeswaran et al. 198 1; Van Arsdell et al. 198 1; Weiner et al. 1986 ). There is increasing evidence that the integration of these Alu family members into the genome is not totally random with respect to sequence. They show a strong preference for integration into oligo dA regions that are found within A+T-rich regions of the genome (Daniels and Deininger 1985) . In addition, there are now several cases in which sequence analysis of genes has demonstrated much higher densities of Alu family members than would be expected on the basis of chance (Lee et al. 1984; Flemington et al. 1987) . According to the Alu family copy number, we would, on average, expect to find one repeat every 3-5 kb in the human genome if they are randomly arranged. The /3-tubulin gene has 10 of these repeats in ~5 kb of a single intron (Lee et al. 1984) , and the thymidine kinase gene has 13 members found within its introns in an -lo-kb region (Flemington et al. 1987; and data presented here) . This is 5-10 times the average density, whereas other genes analyzed typically have approximately the average density (Bell et al. 1980; Maeda 1985; Sawada et al. 1985) .
Data suggest that the average Alu family member integrated into its present genomic location -15-30 Myr ago (Deininger and Daniels 1986; Schmid and Shen 1986) . The Alu family appears to be primate specific in its distribution, suggesting that these repeats were not in existence as little as 65 Myr years ago (Deininger and Daniels 1986) . After the formation of the original progenitor repeat, they then gradually increased in copy number as new copies were integrated into the genome. During this accumulation, mutations occurred within the individual Alu family members at what appears to be the neutral mutation rate (Sawada et al. 1985; Deininger and Daniels 1986) . Thus the individuals are related to each other but are -14% divergent from the consensus Alu family sequence (Schmid and Shen 1986) . To date, no specific subgroups or subfamilies have been found within the human Alu family. In several of the other repeats, however, such as the rodent B2 (Rogers 1985) and galago (Galago crassicaudatus and G. senegalensis) type II families (Daniels and Deininger 1983) , there are distinct subfamilies found within these families (Deininger and Daniels 1986) . These are presumably the result of early changes in the family members when there were very few copies or of a variant member gaining some advantage that allows it to amplify more effectively. This would then allow it to amplify to the point that it is prevalent enough to stand out as a subfamily in the relatively small subsets of sequence data presently available.
We have undertaken a comparative analysis of the sequences of the Alu family members in the two genes mentioned above, the P-tubulin and thymidine kinase genes. It is our intention to determine whether there are any specific subfamily relationships within the human Alu family. In particular, we are interested in whether there is a special relationship between Alu family members located in a single locus or whether regions of the genome that are apparent hot spots for Alu family integrations have a special class of Alu family members.
Material and Methods
The DNA Sequences and Their Analysis Most of the DNA sequences were collected from GENBANK using the program QUEST (Intelligenetics). The sequences for the human thymidine kinase gene Alu families were generated in our lab as described elsewhere (Flemington et al. 1987 ) and have been submitted to GENBANK. The sequences were aligned manually using the vi word-processing editor on a SUN 100 microcomputer. The resulting pairwise alignments were used to obtain divergence values, which were then compared on the program EVOLVE (Fitch and Margoliash 1967) , which uses a least-squares approach for fitting the data. The best branching for these sequences is presented in figure 3 .
Results

The Consensus Sequence
We have utilized the previously determined consensus sequence for the human Alu family (Schmid and Shen 1986) to help align the Alu family members from the human /3-tubulin and thymidine kinase genes. Efforts were made to align the sequences for increased similarity using a minimum of insertions and deletions. All of these repeats are located within the introns of the genes in the orientations shown in the maps in figure 1 . Three of the repeated sequences have deletions at their 5' ends, and one has a large deletion from its 3' end. The repeat sequence with the 3' deletion is not flanked by direct repeats, suggesting that a deletion may have occurred after its integration into that genomic site. The three 5' deleted repeats are flanked by short direct repeats of genomic sequence, indicating that they were truncated either before or during integration.
At several points in figure 2 , the consensus sequence that would be determined from analysis of these 23 repeated sequences differs from the previous consensus sequence determined from 25 randomly chosen Alu family members. However, all of these points (positions 5,65, 163,2 14, and 26 I), as well as a number of other positions where no clear consensus base can be chosen, are positions with a high degree of ambiguity in the previous consensus. Since all of these positions represent transition mutations within the sequence, it might be more appropriate to label a number of these positions as either purine or pyrimidine.
There are also several positions where the consensus sequence that would be drawn for the P-tubulin repeats would differ slightly from that which could be drawn for the thymidine kinase repeats-in particular, the extra A in position 130 of the ptubulin sequences and the A-versus-G transition at position 163. However, these are once again fairly heterogeneous positions, and it is not at all convincing that these represent significant differences in the Alu family members in different genomic regions.
Sequence Heterogeneity and Divergence
Most repeated DNA sequence variations have been presented as their divergence versus the consensus-that
is, to display and analyze the number of positions at which each sequence varies from the consensus sequence as shown in figure 2. We find divergences ranging from 10% to >26%, with an average divergence value of 15.6% for the thymidine kinase repeats and 17.4% for the P-tubulin repeats. This compares reasonably with the value of 14% previously estimated for the average Alu family divergence (Schmid and Shen 1986) . It is not clear whether the higher divergence in the P-tubulin-gene repeats is significant or simply due to the result of location of one or two members that are particularly divergent. The distribution of divergences seen for these two densely clustered regions versus randomly chosen sequences (Schmid and Shen 1986) does not show any great difference except for a few more divergent members at the higher divergence range in these two clustered regions (data not shown). Slagel, Flemington, Traina-Dorge, Bradshaw, and Deininger Subfamily Structure
To determine whether there are any identifiable subfamily relationships between any of these Alu family members, the sequences were compared against each other. That is, each of 22 (the tkM sequence was not included because it did not overlap with several of the other truncated repeats) Alu family members was compared pairwise to each of the others. In this comparison all point mutations, insertions, and deletions (no matter what size) were counted as one mutation. These pairwise comparisons were then arranged into the most favored branching pattern using the EVOLVE program (Fitch and Margoliash 1967;  fig. 3 ). The fit presented had a mutational distance SD of 7.6. There were a number of other possible variations, with the next best having an SD of 8.0, but they only varied slightly in the branching patterns and the relevant features remained the same. We have also included pairwise comparisons of three Alu family sequences from the prosimian, Galago crassicaudatus. The Alu galago repeats were previously shown to have small but significant species-specific differences from Alu family members in humans (Daniels and Deininger 1983) . This was confirmed by the clustering of these three sequences in the tree shown in figure 3. This also shows that the tree structure shown is capable of differentiating among specific Alu family groupings.
Pairwise mismatch values between human Alu family members varied from 10.0% to 34.8%, with most values being between 20% and 30%. Comparisons between human and G. crassicaudatus Alu family members resulted in divergences between 23.7% and 37.9%. These pairwise divergence values are consistent with values expected for a sequence family originating early in the primate lineage and diverging at or near the neutral divergence rate (see Discussion and Deininger and Daniels 1986) . Figure 3 shows clearly that many of the Alu family members can be associated with each other into groups based on their pairwise differences. It does not make it clear how much of this grouping is due to chance similarities in randomly mutated sequences and how much of it is due to members that are clearly associated with each other (such as might be the case if several members were more recent descendents of a specific parent gene); in most cases, close inspection of the sequence data is really not convincing on this point. However, in the clustering of tubE, tubF, tubJ, and tkL, there are shared similarities that make this a convincing subfamily relationship. The major shared, derived attribute (synapomorphy) in these four sequences is the presence of a 2-base deletion relative to the consensus at positions 65 and 66. This deletion is not only shared by these four clones, but, on searching the 25 Alu family sequences that had previously been compiled in this manner (Schmid and Shen 1986) , we found three other clones with a similar deletion at this point. All seven of these sequences are aligned in figure 4 . In addition to this shared deletion (a very rare event not shared by any of the other repeats), there are numerous differences from the consensus sequence for these repeats. In particular, there are transversions at positions 78, 88, 153, 197, 200 , and 2 19, in addition to numerous transitions. All of these clones also have at least one extra A residue in the vicinity of position 128. Thus, analysis of these sequences shows a definite nonrandom association. Whether the PRO4 sequence really fits with the other six is not clear, since it does not share most of the point mutations. It does, however, have both the deletion and the A insertion. Thus, it is possible that it represents a divergent member of this subfamily.
It should be noted that the seven sequences shown in figure 4 share divergences of 5.3%, 7.1%, 10. l%, 7.4%, 11 .O%, 12.4%, and 13.4% relative to the consensus that could be drawn for that particular subfamily. These divergence values are consistently -5% lower than the values found when comparing these same sequences against the random Alu family consensus. Several of these values are lower than the 10% that represents their closest sequence match to the random consensus, and their -9% average divergence vis-a-vis their consensus is appreciably lower than the 14%-l 5% seen for Alu family members in general.
Discussion
Both the primate Alu family and the rodent B 1 or type 1 family of repeated DNA sequences have been shown to be derived from the 7SL RNA gene. The specific dimer form of the Alu family that is found in humans appears to be primate specific. Thus, the original member of this family (the progenitor dimer form) almost certainly arose early in the primate lineage. This progenitor repeat was then able to amplify itself by retroposition and gradually increase to a copy number of -500,000 in most primate genomes (Deininger and Daniels 1986 ). In theory, each new Alu family member with its internal RNA polymerase III promoter would then be capable of transcription and retroposition, so that as the copy number increased the retroposition frequency may also have increased. However, because of sequence heterogeneity within the individual Alu family members and also because of increasing evidence that flanking sequences and chromosomal location may have profound affects on RNA polymerase III promoters (Ullu and Weiner 1985) , it seems likely that many Alu family members are not capable of effective retroposition. Whether the majority of retropositions are generated from a very small number of the Alu family members or from a large subset of the Alu family members is not clear.
The presence of subfamilies within the human Alu family suggests that at some point certain members have amplified significantly faster than the average. For instance, the major subfamily shown in figure 4 represents -15% (7 of 48) each other by an average of 9%. This is appreciably below the divergence seen for the total Alu family. In addition, analysis of pairwise divergences ( fig. 3) demonstrates that these subfamily members show approximately half the divergence relative to each other that they do to the Galago crassicaudatus Alu family members. This suggests that this subfamily originated -25-30 Myr ago (by comparison to the human divergence from galago at -55 Myr). Thus, there must either have been relatively few actively amplifying copies of the Alu family when this subfamily arose or this subfamily must be more efficient at amplification. Other subfamilies do not stand out as clearly, and it may be that there is only the one subfamily that is particularly rapidly amplified. Alternatively, other subfamilies may be present that do not have the distinctive sequences variations that allow the identification of their subfamily.
The pairwise divergence values used to create figure 3 also support our previous suggestion that the Alu family originated early in the primate lineage (Deininger and Daniels 1986) . The most divergent pair of repeats only demonstrates 34.8% divergence between human Alu family members or 37.9% between human and G. crassicaudatus Alu family members. At a neutral substitution rate of -O.S%/Myr, the initial amplifications of the human and G. crassicaudatus Alu family members would be placed at -110 Myr ago. We do not want to place too much emphasis on this exact value, both because there is some debate as to the actual value for neutral substitution rates and because sources of error in any individual comparison might lead to some chance fluctuations in these values. In addition, this time period is based on the most divergent pair of repeats. However, the large number of values in the 20%-30% divergence range-with none more heterogeneous than -38%-would be very consistent with their primate origin and neutral evolution.
This form of analysis also confirmed our previous finding that, relative to humans, the G. crassicaudatus Alu family does indeed show species-specific differences. The clear segregation of the G. crassicaudatus from the human repeats suggests that the copy number of the Alu family was very low at the galago/human divergence. Other possibilities that might explain this segregation involve species-specific gene conversions or replacement of sequences and seem unlikely to us, we have argued previously (Deininger and Daniels 1986) .
One of the reasons for initiating this analysis was to determine whether there were any specific affects of chromosomal location on the observed sequences of the Alu family members. We were particularly interested in the questions of whether Alu family members retroposed more effectively within the locality of the parental Alu family member and whether Alu family members near each other had the ability to interact with each other and either gene convert or alter each other in any way. Our findings suggested basically negative answers to both questions. The thymidine kinase repeats show as much association with the P-tubulin repeats as they do with each other (fig. 3 ). There is no obvious relationship between the degree of sequence divergence and the position of the repeats in the gene. Nor is there greater similarity between repeats within either the thymidine kinase or P-tubulin clusters than there is between   FIG. 4. -A subfamily of the human Alu family. The four repeats tkL, tubE, tubF, and tubJ are aligned under the same human consensus as in fig. 2 . Added to them are three sequences previously compiled by Schmid and Shen (1986) . They are the alpha 2 dimer I (A2Dl) sequence (Hess et al. 1983 ), the sequence of pJP53 (pJP; Elder et al. 198 I) , and the sequence of the prothrombin Alu 4 (PRO 4; Degen et al. 1983 ). Points where the subfamily consensus would deviate from the presented consensus are marked with arrows. these two clusters' repeats ( figs. 1, 3) . All of this is consistent with previous arguments that (1) the retroposition process occurs on RNAs that have first traveled to the cytoplasm (Weiner et al. 1986 ) and (2) the integrations then occur fairly randomly and with no major interaction between the repeated sequences once they integrate.
The high density of the Alu family members in the thymidine kinase and ptubulin genes, as well as other genetic loci (Calabretta et al. 1982 ) does seem to suggest that Alu family integrations are not totally random. We have previously demonstrated that Alu family members do have a strong preference for integration into A+T rich regions of the genome with a particular preference for runs of dA's (Daniels and Deininger 1985) . Thus, these gene introns may have been rich in runs of dA's originally. However, almost all of the dA runs in the genes presently are the typical dA tails at the end of the repeats. It should also be noted that once an Alu family member integrates, its dA tail seems to be a preferred integration site for further Alu family integrations. This is illustrated by the number of tandemly arrayed Alu family members in these regions. We cannot see any present characteristics of these intron sequences that would support the high density of integrations being the result solely of such stretches of dA's.
It also seems plausible that some other feature of sequence or chromosomal location may play a role in increasing transposition into these regions. Since both of these genes are essentially housekeeping genes and would be expressed in the germline where amplification must be occurring, the act of transcription or the more open chromatin structure associated with it may play a role. Supporting this is the fact that other genes that have been sequenced in their entirety, such as globins (Sawada et al. 1985) and haptoglobins (Maeda 1985) , would not be expressed in the germline and have an average to low density of Alu family members. Also, although these repeats are found in satellite heterochromatin, they do not seem to be found every several kilobases as they should be if they were integrating totally randomly.
